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Military  Applications  of  Hypoxic  Training 
for  High-Altitude  Operations 


STEPHEN  R.  MUZA 

(J.S.  Army  Research  Institute  of  Environmental  Medicine,  Natick,  MA 


ABSTRACT 

MUZA,  S.  R.  Military  Applications  of  Hypoxic  Training  for  High-Altitude  Operations.  Med.  Sci.  Sports  Exerc.,  Vol.  39,  No.  9, 
pp.  1625-1631,  2007.  Rapid  deployment  of  unacclimatized  soldiers  to  high  mountainous  environments  causes  debilitating  effects  on 
operational  capabilities  (physical  work  performance),  and  force  health  (altitude  sickness).  Most  of  these  altitude-induced  debilitations 
can  be  prevented  or  ameliorated  by  a  wide  range  of  physiological  responses  collectively  referred  to  as  altitude  acclimatization. 
Acclimatization  to  a  target  altitude  can  be  induced  by  slow  progressive  ascents  or  continuous  sojourns  at  intermediate  altitudes. 
However,  this  “altitude  residency”  requirement  reduces  their  utilization  in  rapid  response  military  missions  that  exploit  the  air  mobility 
capability  of  modem  military  forces  to  quickly  deploy  to  an  area  of  operations  on  short  notice.  A  more  recent  approach  to  induce 
altitude  acclimatization  is  the  use  of  daily  intermittent  hypoxic  exposures  (1HE)  in  lieu  of  continuous  residence  at  high  altitudes.  1HE 
treatments  consist  of  three  elements:  I )  IHE  simulated  altitude  (inspired  oxygen  partial  pressure:  PIO2),  2)  IHE  session  duration,  and  3) 
total  number  of  IHE  sessions  over  the  treatment  period.  This  paper  reviews  and  summarizes  the  results  of  25  published  IHE  studies. 
This  review  finds  that  an  IHE  altitude  >  4000  m,  and  daily  exposure  duration  of  at  least  1.5  h  repeated  over  a  week  or  more  are  required 
to  have  a  high  probability  of  developing  altitude  acclimatization.  The  efficacy  of  shorter  duration  (<  1.5  h)  hypoxic  exposures  at  >  4000 
m  simulated  altitudes,  and  longer  exposures  (>  4  h)  at  moderate  altitudes  (2500-3500  m)  is  not  well  documented.  The  predominate 
IHE-induced  altitude  acclimatization  response  appears  to  be  increased  arterial  oxygen  content  through  ventilatory  acclimatization.  Thus, 
IHE  is  a  promising  approach  to  provide  the  benefits  of  altitude  acclimatization  to  Iow-altitude-based  soldiers  before  their  deployment  to 
high  mountainous  regions.  Key  Words:  ALTITUDE  ACCLIMATIZATION,  ACUTE  MOUNTAIN  SICKNESS,  INTERMITTENT 
HYPOXIA,  MILITARY  OPERATIONS 


Modem  military  operations  frequently  require  rapid 
deployment  of  personnel  into  extreme  environ¬ 
ments  (heat,  cold,  altitude)  with  little  or  no  time 
for  physiological  acclimation.  However,  rapid  deployment 
of  unacclimatized  soldiers  to  high  (>  1500  m)  mountainous 
environments  may  cause  debilitating  effects  on  operational 
capabilities  (i.e.,  physical  work  performance)  and  force 
health  (i.e.,  altitude  sickness). 

All  unacclimatized  soldiers  experience  marked  decreases 
in  maximal  and  submaximal  aerobic  performance  at  eleva¬ 
tions  above  1500  m  (8).  With  increasing  altitude  V02max 
decreases,  thus  the  submaximal  oxygen  uptake  for  a  given 
workload  at  altitude  represents  a  greater  percentage  of  the 
reduced  V02max.  The  practical  implication  is  that  tasks  that 
require  a  fixed  amount  of  exercise  or  work  to  be  performed 
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as  quickly  as  possible  (e.g.,  traveling  from  point  A  to  B  or 
unpacking  a  supply  truck)  must  necessarily  be  conducted 
at  a  higher  relative  exercise  intensity  at  altitude  than  at 
sea  level. 

In  many  individuals,  the  stress  of  the  hypoxic  environ¬ 
ment  causes  physiological  dysfunctions,  which  may  be 
manifest  in  the  form  of  several  altitude  illnesses,  of  which 
the  most  common  is  acute  mountain  sickness  (AMS).  AMS 
is  a  syndrome  that  is  characterized  by  headache,  anorexia, 
nausea,  vomiting,  insomnia,  lassitude,  and  malaise  (9).  AMS 
susceptibility  is  greatest  in  unacclimatized  lowlanders 
rapidly  ascending  above  2500  m  and  performing  sustained 
physical  work.  Between  2000  and  3960  m,  the  incidence 
and  severity  of  AMS  in  unacclimatized  soldiers  rapidly 
increases  from  about  20  to  70%  (9).  The  symptoms  of  AMS 
appear  within  4-24  h  of  exposure,  and  they  typically 
resolve  after  3-5  d  as  acclimatization  to  hypoxia  is 
achieved.  AMS  is  usually  self-limited,  but  may  progress 
into  high-altitude  cerebral  edema  (HACE)  or  high-altitude 
pulmonary  edema  (HAPE),  both  of  which  are  potentially 
life  threatening  (9). 

The  natural  countermeasure  to  the  aforementioned  altitude- 
induced  physical  performance  decrements  and  AMS  is  alti¬ 
tude  acclimatization.  Lowlanders  who  continuously  reside 
at  high  altitude  develop  a  variety  of  physiological  adapta¬ 
tions  during  altitude  acclimatization.  Two,  in  particular, 
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lessen  the  hypoxemia:  increased  ventilation  and  decreased 
plasma  volume  (i.e.,  hemoconcentration).  Ventilatory  accli¬ 
matization  to  altitude  is  characterized  by  a  progressive  in¬ 
crease  in  ventilation,  arterial  oxygen  partial  pressure  (Pa02) 
and  oxygen  saturation  (Sa02),  and  a  drop  of  arterial  carbon 
dioxide  partial  pressure  (PaC02)  along  with  normalization 
of  arterial  pH  during  the  first  5-9  d  of  residence  at  high 
altitude  (4).  Concomitant  with  the  increase  in  ventilation, 
the  oxygen  carrying  capacity  of  the  blood  is  increased  by 
hemoconcentration  resulting  from  reduction  in  plasma 
volume  (19).  The  net  result  of  the  increased  ventilation 
and  hemoconcentration  is  a  near  normalization  of  arterial 
oxygen  content  after  approximately  14  d  of  residence  at 
high  altitude.  Further  expansion  of  the  blood  oxygen  carry¬ 
ing  capacity  is  accomplished  by  the  secretion  of  eryth¬ 
ropoietin  which  causes  an  increase  in  red  blood  cell  mass 
over  three  or  more  weeks  residence  at  high  altitude  (3). 

With  continuous  altitude  residence  the  physiological 
strain  of  exercise  is  lessened,  and  exercise  tolerance  at  alti¬ 
tude  is  improved  compared  to  that  initially  on  arrival  (17). 
Likewise,  the  symptoms  of  AMS  abate  with  acclimatization 
(9).  For  example,  at  4300  m  exercise  performance  measured 
by  endurance  at  a  fixed  workload  or  time-trial  increases 
by  25-60%  during  8-16  d  (7,17).  Likewise,  if  individuals 
afflicted  with  AMS  stop  further  ascent  and  rest  at  their 
current  altitude,  in  approximately  80%,  AMS  symptoms 
resolve  within  2-7  d  (9)  as  acclimatization  to  hypoxia  is 
achieved. 

Depending  on  the  altitude  to  which  a  previously  unaccli¬ 
matized  lowlander  has  ascended,  the  time  course  for  alti¬ 
tude  acclimatization  is  4-11  d  (33).  Consequently,  above 
1500  m,  ascent  rates  that  exceed  the  time  course  of  accli¬ 
matization  will  increase  the  risk  of  developing  altitude- 
induced  debilitations  (8,14).  Current  guidance  recommends 
that  above  2000  m,  ascent  should  be  limited  to  no  more 


than  300-600  m  d  ',  or  after  a  rapid  ascent  of  about  900  m, 
further  ascent  should  be  restricted  for  at  least  3  d  (12-14,33). 

While  staging  and  slow  ascent  protocols  effectively  in¬ 
duce  acclimatization  and  reduce  the  incidence  and  severity 
of  AMS,  they  are  dependent  on  continuous  residence  at  high 
altitudes  to  achieve  these  results.  This  “altitude  residency” 
requirement  reduces  their  utilization  in  rapid  response 
military  missions  that  exploit  the  air  mobility  capability  of 
modem  military  forces  to  quickly  deploy  to  an  area  of  opera¬ 
tions  on  short  notice.  A  more  recent  approach  to  altitude 
acclimatization  is  the  use  of  daily  intermittent  hypoxic  expo¬ 
sures  (IHE)  in  lieu  of  continuous  residence  at  high  altitudes. 
While  the  bulk  of  studies  examining  the  potential  beneficial 
effects  of  IHE  treatments  have  focused  on  improving  low- 
altitude  physical  performance  (i.e.,  natural  blood  doping, 
etc.),  a  growing  number  have  examined  the  ability  of  IHE 
treatments  to  induce  altitude  acclimatization.  Recent  studies 
(Tables  1-4)  have  demonstrated  that  IHE  treatments  can 
induce  various  degrees  of  altitude  acclimatization  in 
personnel  residing  at  low  altitudes  (<  1000  m). 

IHE  treatments  can  be  administered  using  either  hypo- 
baric  hypoxia  or  normobaric  hypoxia.  In  the  former, 
hypoxia  is  induced  by  decreased  barometric  pressure  either 
by  ascending  to  higher  elevations  (such  as  in  the  live  high- 
train  low  paradigm)  or  by  simulated  altitude  exposure  in  a 
hypobaric  chamber.  Normobaric  hypoxia  is  produced  by 
nitrogen  dilution  of  the  inspired  air  in  a  small  space  (tent  or 
room)  or  mask  to  lower  the  PI02  to  a  desired  level  (for 
purposes  of  comparison,  throughout  this  review  the  level  of 
hypoxia  is  presented  as  the  equivalent  altitude  in  meters  no 
matter  which  method  of  inducing  hypoxia  is  employed). 
Compared  with  hypobaric  chambers,  normobaric  hypoxic 
rooms/tents  are  relatively  inexpensive,  and  most  impor¬ 
tantly  due  to  their  light  weight  and  small  footprint  can  be 
shipped  and  set  up  to  operate  anywhere  electrical  power  is 


TABLE  1.  Indices  of  ventilatory  acclimation  after  intermittent  hypoxic  exposures  (IHE). 


IHE  Daily 
Duration  (h) 

No.  of  IHE  Sessions 
per  Trial  Period  (d) 

IHE  Altitude  (m) 

IHT  Time  (%) 

Outcome  Test  Altitude 

Outcome  Metric 

Outcome  Metric  Response 

Reference 

0.:') 

24/28 

2250  H 

100 

2250-3450  H 

el/f 

(38) 

0.5 

24/28 

3450  H 

100 

2250-3450  H 

eVf 

- 

(38) 

0.5 

18/42 

3200  N 

100 

3200  N 

eSa02 

r  4% 

(43) 

0.75 

25/35 

2500  H 

66 

2500  H 

rPa02.  rHVR 

T  10%,  t  41% 

(29) 

1.5 

6/6 

4500  H 

0 

4500  H 

rSa02,  rHVR 

T  14%,  t  30% 

(20) 

1.5 

6/6 

4500  H 

33 

4500  H 

rSa02,  rHVR 

f  7%,  - 

(20) 

1.5 

10/14 

4500  H 

33 

SL 

rHVR 

— 

(21) 

1.5 

7/7 

4500  H 

0 

4500  H 

r/eSa02 

T  7.5% 

(23) 

1.5 

7/7 

4500  H 

0 

SL 

rHVR 

f  62% 

(25) 

1.5 

7/7 

4500  H 

0 

SL 

rHVR 

t  69% 

(24) 

1.5 

9/27 

5500  H 

0 

5500  H 

rSa02 

t  30% 

(37) 

2 

5/5 

3800  N 

0 

3800  /V 

rSa02,  rHVR 

T  190% 

(10) 

2 

12/12 

3800  N 

0 

3800  N 

rSa02,  rHVR 

—,  — 

(10) 

2 

14/14 

5000  H 

0 

5000  H 

eSa02 

t  9% 

(34) 

4 

15/19 

4300  H 

25 

4300  H 

r/eSa02 

t  6% 

(1) 

5 

3/4 

6000  H 

0 

8000  H 

rPa02 

T  5% 

(32) 

6-8 

15/19 

2650  N 

0 

2650  /V 

sSa02 

- 

(26) 

8 

5/5 

4300  N 

0 

4300  N 

sSa02,  rPETC02 

T  3%,  i  10% 

(28) 

8 

5/5 

4500-8500  H 

20 

4500  H 

rPa02,  rSa02 

f  12%,  t  4% 

(39) 

9 

3/3 

2650  /1/ 

0 

2650  N,  SL 

rHVR 

T  144% 

(41) 

16 

28/28 

2500  H 

25 

2500  H 

eSa02 

t  5% 

(6) 

Ventilatory  acclimation  indices  assessed  by  increased  14,  PA02,  Pa02.  or  Sa02  at  high  altitude,  or  decreased  PAC02,  PaC02  at  high  altitude  or  low  altitude,  or  increased  HVR  mea¬ 
sured  during  rest  (r),  exercise  (e),  or  sleep  (s).  The  magnitude  of  each  outcome  response  is  expressed  as  the  percent  change  from  baseline.  -  no  significant  change.  Altitudes  are 
shown  as  hypobaric  (H)  or  normobaric  hypoxia  (/V)  in  equivalent  meters  above  sea  level.  IHT  time  (%),  duration  of  exercise  training  as  a  percentage  of  total  daily  IHE  duration. 
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TABLE  2.  Indices  of  hematological  acclimatization  after  intermittent  hypoxic  exposure  (IHE)  treatments. 


IHE  Daily 
Duration  (h) 

No.  of  IHE  Sessions  per  Trial 
Period  (d) 

IHE  Altitude 
(m) 

IHT  Time 

(%) 

Outcome  Metric 

Outcome  Metric 
Response 

References 

0.5 

24/28 

2250-3450  H 

100 

Hb 

« 

(38) 

1.5 

9/27 

5500  H 

0 

Hb,  RBC#,  reticulocytes 

T  13%,  r  7%,  r  200% 

(37) 

2 

12/12 

3800  N 

0 

Hb,  Hct,  reticulocytes 

|  48% 

(10) 

2 

14/14 

5000  H 

? 

Hb 

- 

(34) 

3-5 

9/9 

4000-5500  H 

20 

Hb,  Hct,  RBC#,  reticulocytes 

t  16%,  T  7%.  t  150% 

(36) 

3-5 

17/17 

4000-5500  H 

25 

Hb,  RBC# 

T  9%,  T  11% 

(5) 

4 

3/21 

4000  H 

80 

Hb,  Hct 

- 

(42) 

4 

15/19 

4300  H 

25 

Hb,  Hct 

(2) 

8 

5/5 

4500-8500  H 

20 

Hb,  reticulocytes 

t  44% 

(39) 

16 

28/28 

2500  H 

25 

RBC  volume 

f  8% 

(6) 

Hb,  hemoglobin  concentration:  Hct,  hematocrit:  RBC#,  red  blood  cell  count.  The  magnitude  of  each  outcome  response  is  expressed  as  the  percent  change  from  baseline.  -  no  significant 
change.  Altitudes  are  shown  as  hypobaric  (H)  or  normobaric  hypoxia  (A/)  in  equivalent  meters  above  sea  level.  IHT  time  (%),  duration  of  exercise  training  as  a  percentage  of  total  daily 
IHE  duration. 


available.  IHE  treatments  consist  of  three  elements:  the 
severity  of  the  hypoxia  (simulated  altitude),  the  IHE  session 
duration  (here  expressed  in  hours),  and  the  number  of  IHE 
sessions  (usually  no  more  than  one  per  day)  over  the  trial 
period.  In  a  hypothetical  IHE  procedure,  personnel  residing 
at  a  low-altitude  base  would  participate  in  daily  exposures 
to  simulated  altitude  before  deploying  on  a  mission  at  high 
terrestrial  elevations.  In  actual  practice,  the  dose  of  IHE 
(altitude,  exposure  duration  and  number  of  sessions)  could 
be  titrated  to  the  mission  requirements,  such  as  the  opera¬ 
tional  target  altitude,  risk  of  developing  AMS,  and  antici¬ 
pated  physical  activity  levels. 

In  assessing  whether  a  particular  IHE  treatment  is  effec¬ 
tive  in  producing  altitude  acclimatization,  the  appropriate 
outcomes  must  be  measured.  As  previously  reviewed,  the 
magnitude  of  altitude  acclimatization  produced  by  conven¬ 
tional  methods  can  be  assessed  (relative  to  the  unaccli¬ 
matized  state)  using  appropriate  physiological  responses 
(e.g.,  increased  ventilation,  arterial  oxygen  saturation,  hemo¬ 
globin  or  hematocrit,  etc.)  indicative  of  altitude  acclimati¬ 
zation,  and  functional  outcomes  measured  at  high  altitude, 
such  as  improved  exercise  endurance  performance  and 
decreased  incidence  and  severity  of  AMS.  Applying  these 
accepted  metrics  of  altitude  acclimatization,  and  that  the 
outcome  must  have  been  assessed  at  high  altitude  (real,  or 
simulated)  the  IHE  literature  was  reviewed.  For  inclusion  in 
this  review,  each  of  the  studies  must  have  been  published 
in  a  peer-reviewed  journal,  have  tested  individuals  with 
no  recent  altitude  acclimatization,  and  the  study  must  have 


reported  a  statistical  analysis  of  at  least  one  of  the  outcome 
metrics  presented  above.  For  purposes  of  organization,  the 
studies  cited  in  each  of  the  tables  are  sorted  by  the  IHE 
session  duration. 

Before  examining  the  specific  outcomes  from  these  stud¬ 
ies,  a  general  inspection  of  these  studies  presents  several 
interesting  observations.  First,  although  not  indicated  in 
these  tables,  only  a  few  of  these  studies  were  specifically 
conducted  to  study  the  efficacy  of  IHE  to  induce  altitude 
acclimatization  for  subsequent  high-altitude  sojourns 
(1,5,32,36,39).  Second,  in  the  majority  of  the  IHE  studies, 
the  outcome  assessments  were  conducted  within  the  first 
24  h  after  the  last  IHE  session,  and  in  many  studies  the  out¬ 
come  assessments  were  made  during  the  last  IHE  session. 
Thus,  the  “persistence”  of  the  IHE-induced  altitude 
acclimatization  is  not  known.  Third,  only  5  of  these  25 
studies  employed  normobaric  hypoxia  for  the  IHE  trials. 
Fourth,  this  review  did  not  find  a  single  study  that  used 
normobaric  IHE,  but  then  tested  the  outcome  in  hypobaric 
hypoxia.  This  latter  observation  is  important  for  assessing 
the  efficacy  of  normobaric  IHE  to  acclimatize  personnel 
for  missions  to  high  (hypobaric)  terrestrial  elevations. 
Although  it  is  generally  accepted  that  the  major  physio¬ 
logical  responses  (e.g.,  ventilatory,  hematological)  to  high 
altitude  are  a  function  of  the  PIO2  and  not  the  absolute 
barometric  pressure  (18,27),  two  studies  (30,35)  have 
shown  that  AMS  is  significantly  greater  during  hypobaric 
compared  with  normobaric  hypoxic  exposures,  and  that 
these  differences  may  be  due  to  pressure  effects  per  se  on 


TABLE  3.  Changes  in  maximum  aerobic  work  performance  and  submaximal  work  endurance  or  time-trial  performance  at  high  altitudes  after  intermittent  hypoxic  exposure  (IHE). 


IHE  Daily 
Duration  (h) 

No.  of  IHE  sessions 
per  Trial  Period  (d) 

IHE  Altitude  (m) 

IHT  Time  (%) 

Outcome  Test  Altitude 

Outcome  Metric 

Outcome  Metric 
Response 

References 

0.5 

18/42 

3200  N 

100 

3200  N 

V02max 

— 

(43) 

0.5 

24/28 

2250  H 

100 

2250-3450  H 

vo2max 

t  8% 

(38) 

0.5 

24/28 

3450  H 

100 

2250-3450  H 

vo2ma* 

T  14% 

(38) 

0.5 

30/42 

3850  Af 

100 

3850  N 

V02m„ 

T  3-7% 

(11) 

0.5 

18/42 

3200  N 

100 

3200  N 

TT 

(43) 

1.5 

7/7 

4500  H 

0 

4500  H 

V02max 

- 

(23) 

2 

20/28 

2300  H 

85 

2300  H 

w 

t  15% 

(40) 

4 

3/21 

4000  H 

80 

4000  H 

VOemax 

- 

(42) 

4 

15/19 

4300  H 

25 

4300  H 

V02m» 

t  18% 

(2) 

4 

3/21 

4000  H 

80 

2000  H 

END 

T  34% 

(42) 

4 

15/19 

4300  H 

25 

4300  H 

TT 

T  21% 

(2) 

Aerobic  work  performance  assessed  by  increased  V02mM,  Wmax,  submaximal  endurance  (END),  or  shorter  time-trial  (TT)  duration  at  high  altitude.  The  magnitude  of  each  outcome 
response  is  expressed  as  the  percent  change  from  baseline.  —  no  significant  change.  Altitudes  are  shown  as  hypobaric  ( H)  or  normobaric  hypoxia  (A/)  in  equivalent  meters  above  sea 
level.  IHT  time  (%),  duration  of  exercise  training  as  a  percentage  of  total  daily  IHE  duration. 
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TABLE  4.  Changes  in  acute  mountain  sickness  (AMS)  symptom  severity  at  high  altitudes  after  intermittent  hypoxic  exposure  (IHE). 


IHE  Daily 
Duration  (h) 

No.  of  IHE  Sessions 
per  Trial  Period  (d) 

IHE  Altitude  (m) 

IHT  Time  (%) 

Outcome  Test 
Altitude 

Outcome  Metric 

AMS  Symptom 
Severity 

References 

4 

15/19 

4300  H 

25 

4300  W3 

LL  AMS 

i  80% 

(1) 

8 

5/5 

4300  N 

0 

4300  N* 

LL  AMS 

i  86% 

(28) 

AMS  assessed  by  symptom  self-reports  using  the  validated  Lake  Louise  (LL)  AMS  questionnaire.  The  magnitude  of  each  outcome  response  is  expressed  as  the  percent  change  from 
baseline.  Altitudes  are  shown  as  hypobaric  (W)  or  normobaric  hypoxia  (A/)  in  equivalent  meters  above  sea  level.  IHT  time  (%),  duration  of  exercise  training  as  a  percentage  of  total 
dally  IHE  duration. 

a  Altitude  exposure  duration  =  30  h; 11  altitude  exposure  duration  =  8  h. 


body  fluid  regulatory  hormones  (30).  Thus,  it  remains  to  be 
determined  whether  normobaric  IHE  protocols  are  as 
effective  as  hypobaric  IHE  protocols  for  acclimatization  to 
the  natural  hypobaric  environment. 

With  these  caveats  acknowledged,  inspection  of  the 
results  summarized  in  Tables  1-4  clearly  shows  that  across 
all  outcome  assessments,  in  40  of  59  metrics,  IHE  demon¬ 
strated  a  beneficial  altitude  acclimatization  response.  It  is 
also  clear  that  the  combinations  of  effective  IHE  session 
altitude,  IHE  session  duration,  and  number  of  IHE  sessions 
per  trial  period  vary  greatly.  To  aid  in  assessing  the  relative 
contribution  of  each  of  these  IHE  treatment  elements,  data 
from  these  IHE  studies  were  qualitatively  assessed  to 
provide  some  insight  regarding  the  relative  contribution  of 
each  of  these  IHE  treatment  elements.  For  example,  the  IHE 
session  altitude  must  be  high  enough  to  trigger  the  physio¬ 
logical  adaptive  responses.  The  lowest  IHE  session  altitude 
is  2000  m,  which  is  equivalent  to  a  PI02  of  125  mm  Hg. 
This  altitude  is  also  consistent  with  the  previously  recom¬ 
mended  staging  altitudes  (12-14)  and  is  an  altitude  at 
which  significant  (but  not  limiting)  physical  performance 
decrements  (-15%)  (8)  and  AMS  (-25%  incidence)  (15) 
can  occur.  Higher  IHE  session  altitudes  seem  to  produce  a 
proportionally  greater  physiological  strain  that  may  accel¬ 
erate  development  of  acclimatization.  For  example,  there  is 
evidence  that  for  some  individuals  the  threshold  to  produce 
adaptive  responses  is  beyond  2500  (6),  suggesting  higher 
IHE  session  altitude  exposures  are  necessary  to  ensure 
development  of  altitude  acclimatization.  For  example,  using 
indices  of  ventilatory  acclimatization  (Table  1),  six  of  the 
eight  negative  outcomes  occurred  in  IHE  studies  using  a 
simulated  altitude  less  than  4000  m.  This  observation  sug¬ 
gests  that  IHE  simulated  altitudes  greater  than  4000  m  are 
needed  to  have  a  high  probability  of  developing  ventilatory 
acclimatization. 

In  addition  to  the  exposure  altitude,  the  IHE  session 
duration  and  frequency  should  also  influence  the  develop¬ 
ment  of  altitude  acclimatization.  In  this  review,  there  are  no 
published  reports  of  studies  that  maintained  the  simulated 
altitude  and  frequency  constant  while  only  varying  the  daily 
exposure  duration.  Using  the  available  data,  visual  inspec¬ 
tion  of  Table  1  does  not  indicate  any  trend  towards  a  larger 
ventilatory  acclimatization  response  with  increasing  daily 
exposure  time.  To  control  for  the  effect  of  varying  altitude, 
only  studies  using  similar  exposure  altitudes  were  exam¬ 
ined.  Of  the  five  IHE  studies  (1,20,23,28)  conducted  at 
4300-4500  m  that  measured  resting  or  exercise  Sa02,  the 
daily  IHE  duration  (range:  1.5-8  h)  and  number  of 


exposures  (5-15  d)  did  not  seem  to  influence  the  magnitude 
of  the  observed  Sa02  increase.  Thus,  it  seems  that  daily 
IHE-exposure  durations  of  1.5  h  arc  as  equally  effective  as 
4-8  h  at  simulated  altitudes  of  4300  m  or  higher.  Other 
observations  include  1)  the  shortest  IHE  session  durations 
were  usually  paired  with  a  greater  number  of  IHE  sessions 
per  trial  period,  and  2)  the  longest  IHE  session  durations 
usually  were  administered  overnight  during  sleep,  and  thus 
were  paired  with  lower  simulated  altitudes.  On  the  basis  of 
these  studies,  to  achieve  a  high  probability  of  developing 
ventilatory  acclimatization,  we  conclude  that  the  IHE 
session  altitude  should  be  greater  than  4000  m,  and  the 
exposure  duration  should  be  at  least  1.5  h,  repeated  for  a 
minimum  of  5-6  d.  However,  the  potential  efficacy  of 
shorter-duration  (<  1.5  h)  hypoxic  exposures  at  >  4000  m 
simulated  altitudes,  and  longer  exposures  (>  4  h)  at 
moderate  altitudes  (2500-3500  m)  are  not  well  documented 
and  need  further  study. 

As  previously  reviewed,  in  addition  to  ventilatory  accli¬ 
matization  in  the  early  stages  of  continuous  altitude  expo¬ 
sure  plasma  volume  reduction  leads  to  significant  increases 
in  hemoglobin  concentration,  and  over  the  course  of  several 
weeks  increased  erythropoiesis  (3,19).  These  hematological 
adaptations  increase  arterial  oxygen  capacity  and  oxygen 
delivery.  A  review  of  the  effects  of  IHE  on  inducing  hema¬ 
tological  adaptations  to  hypoxia  is  presented  in  Table  2. 
Inspection  of  these  results  demonstrates  that  hematological 
adaptations  after  IFIE  are  far  less  certain  than  ventilatory 
adaptations.  Only  slightly  more  that  half  of  the  hemato¬ 
logical  outcome  metrics  observed  some  significant  change 
consistent  with  increased  oxygen  carrying  capacity,  and 
there  appeared  to  be  no  clear  relationship  between  develop¬ 
ment  of  these  hematological  adaptations  and  the  altitude, 
duration  or  frequency  of  IHE.  The  only  measured  increase 
in  red  blood  cell  volume  was,  in  fact,  a  live  high-train  low 
paradigm  in  which  the  hypoxic  exposures  were  16  or  more 
hours  per  day  (6).  Furthermore,  as  reported  by  Beidleman 
et  al.  (2)  after  IHE  the  magnitude  of  hemoconcentration 
measured  over  24  h  at  4300  m  was  not  different  from  the 
unacclimatized  state  before  IHE.  The  authors  concluded 
that  their  IHE  protocol  did  not  enhance  the  subsequent 
acute  hemoconcentration  response  to  a  subsequent  contin¬ 
uous  hypobaric  hypoxic  exposure.  Thus,  on  the  basis  of 
these  studies  (Tables  1  and  2),  ventilatory  acclimatization 
seems  to  be  the  predominate  mechanism  to  increase  arterial 
oxygen  content  at  high  altitude  after  IHE. 

Ultimately,  the  efficacy  of  IHE  to  induce  altitude  accli¬ 
matization  is  primarily  determined  not  by  the  physiological 
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adaptations,  but  rather  by  the  physical  performance  and 
altitude  sickness  outcome  metrics.  Table  3  present  studies  of 
maximal  aerobic  work  performance  and  submax  endurance/ 
time-trial  performance  performed  at  high  altitudes  after 
IHE.  Maximal  aerobic  work  performance  (measured  as 
V02max  or  IFmax)  was  increased  at  high  altitudes  in  five  of 
the  eight  (63%)  IHE  studies.  There  seemed  to  be  no  sig¬ 
nificant  relationship  between  improvements  of  maximal 
aerobic  work  performance  and  any  of  the  IHE  parameters 
(altitude,  session  duration,  frequency,  or  duration  of  training 
during  IHE).  However,  the  observation  that  over  half  of  the 
IHE  studies  demonstrated  an  improvement  of  maximal 
aerobic  work  performance  at  high  altitude  highlights  a 
potential  significant  difference  between  IHE-induced  verses 
continuous  hypoxic  exposure  induced  altitude  acclimatiza¬ 
tion.  In  the  latter,  altitude  acclimatization  does  not  increase 
maximal  aerobic  work  performance  at  high  altitudes  (8). 
Thus,  IHE  may  have  an  advantage  over  continuous  hypoxic 
exposure  for  enhancing  physical  work  performance  at  high 
altitudes.  There  have  been  relatively  few  studies  of  either 
endurance  or  time-trial  performance  at  high  altitude  after 
IHE.  Of  the  three  studies  presented  in  Table  3,  two  reported 
improved  performance.  Both  of  these  studies  used  similar 
IHE  altitudes  (>  4000  m)  and  daily  exposure  duration  (4  h). 
Interestingly,  one  study  used  only  one  IHE  exposure  per 
week  with  positive  results.  This  again  demonstrates  the 
need  to  perform  controlled  studies  that  only  vary  one  of  the 
IHE  exposure  parameters  at  a  time  to  determine  their  rela¬ 
tive  contribution  to  a  given  acclimatization  metric. 

Review  of  this  IHE  literature  was  unable  to  determine 
whether  exercise  training  during  the  IHE  session  improved 
subsequent  aerobic  work  performance  at  high  altitude  to  a 
greater  extent  than  sedentary  IHE  exposures  alone.  Only 
one  study  (2)  compared  a  group  training  in  IHE  to  a  seden¬ 
tary  group  exposed  to  the  same  IHE.  Although  they  observed 
no  differences,  the  number  of  subjects  in  their  study  was 
very  small.  Thus,  it  remains  to  be  determined  whether  physi¬ 
cal  training  during  IHE  improves  aerobic  performance  at 
high  altitude  more  than  sedentary  exposure  alone.  There 
is  reason  to  hypothesize  that  including  physical  training 
during  IHE  should  augment  aerobic  performance  at  high 
altitudes.  During  continuous  altitude  (2300  m)  exposure, 
subjects  performing  training  during  their  altitude  residence 
showed  greater  improvements  in  exercise  performance  than 
nontraining  subjects  (31).  This  finding  supports  the  concept 
that  to  obtain  the  maximum  physical  work  performance 
improvements  at  high  altitude,  one  should  include  physical 
training  at  high  altitude  in  their  acclimatization  program.  A 
final  consideration  is  identification  of  the  ideal  IHE  training 
altitude.  The  degree  of  hypoxia  must  be  sufficient  to  elicit  a 
hypoxic  response,  but  not  too  severe  as  to  limit  training 
intensity  and  risk  the  well-being  of  the  subject  during  the 
training.  Although  little  work  has  been  done  to  identify  the 
ideal  IHE  training  altitude,  based  on  their  experience 
training  athletes  for  competition  at  altitude,  Hoppeler  and 
Vogt  ( 1 6)  recommend  a  training  altitude  around  3000  m. 


There  may  be  a  negative  side  effect  of  physical  training 
at  high  altitude.  Several  studies  by  Katayama  (20-22) 
have  shown  that  when  the  subjects  exercise  trained  for  0.5  h 
of  an  approximately  1.5  h  of  daily  IHE,  they  did  not 
increase  their  hypoxic  ventilatory  response,  a  measure  of 
ventilatory  acclimatization.  Furthermore,  Katayama  has 
shown  that  exercise  training  at  sea  level  depresses  the 
hypoxic  ventilatory  response  (20,21).  These  findings 
suggest  that  exercise  training  during  relatively  short  daily 
IHE  may  impair  ventilatory  acclimatization.  Thus,  IHE 
procedures  that  include  exercise  training  must  be  of 
sufficient  daily  duration  to  also  provide  a  period  of  passive 
exposure  to  ensure  development  of  ventilatory  acclimatiza¬ 
tion.  The  best  ratio  of  IIIT-to-rcsting  IHE  duration  has  not 
been  determined. 

One  of  the  least  studied  outcomes  of  IHE  is  its  possible 
beneficial  effects  on  reducing  susceptibility  to  AMS  during 
subsequent  high-altitude  sojourn.  Presented  in  Table  4  are 
the  results  of  the  only  two  studies  that  have  objectively 
assessed  AMS  after  IHE.  While  these  two  laboratory-based 
studies  ( 1 ,28)  demonstrated  a  significant  reduction  in  AMS 
incidence  and  severity  after  IHE,  because  the  pre-IHE  inci¬ 
dence  and  severity  of  AMS  in  both  studies  was  relatively 
low  it  remains  to  be  conclusively  demonstrated  whether 
IHE  treatments  can  reduce  susceptibility  to  altitude  sickness 
in  high  risk  conditions  (rapid  ascent  with  sustained  physical 
activity  at  high  altitude). 

In  summary,  IHE  is  a  promising  approach  to  provide  the 1 
benefits  of  altitude  acclimatization  to  soldiers  before  their 
deployment  to  high  mountainous  regions.  On  the  basis  of' 
the  this  review,  it  seems  that  an  IHE  exposure  altitude 
greater  than  4000  m  and  a  daily  exposure  duration  of  at  least 
1.5  h  repeated  over  a  week  or  more  are  required  to  have  a 
high  probability  of  developing  altitude  acclimatization.  The 
predominate  IHE-induced  altitude  acclimatization  response 
seems  to  be  increased  arterial  oxygen  content  through 
ventilatory  acclimatization.  IHE  does  not  appear  to  induce 
hemoconcentration  through  plasma  volume  reduction  typi¬ 
cally  observed  during  continuous  high-altitude  exposures. 
Although  numerous  studies  have  demonstrated  that  daily 
IHE  can  induce  altitude  acclimatization  in  low-altitude 
(<  1 500  m)  residents,  the  vast  majority  of  these  studies  lack 
systematic  and  quantifiable  assessment  of  the  outcome 
measures  previously  reviewed.  Also,  as  noted,  there  has 
not  been  any  study  of  the  efficacy  of  normobaric  IHE  on 
improving  physical  work  performance  or  decreasing  AMS 
during  a  subsequent  ascent  to  a  hypobaric  high-altitude 
environment.  Finally,  the  design  of  future  IHE  studies  must 
consider  the  limitations  imposed  by  premission  military 
preparations  on  the  personnel’s  availability  to  participate  in 
an  IHE  conditioning  program.  The  minimal  duration  and 
frequency  of  the  IHE  sessions  required  to  produce  effective 
altitude  acclimatization  needs  to  be  determined.  Lastly,  it 
remains  to  be  detennined  how  long  after  completing  the  last 
IHE  session  effective  altitude  acclimatization  is  retained 
with  continued  residence  at  low  altitude. 
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